appreciation of normal physiological responses, this section provides an overview of the terminology and measurements used in the exercise testing of children that have come from the field of exercise physiology. Work Exercise is defined as any activity involving the generation of force by activated muscle(s) that results in an alteration of the homeostatic state. In dynamic exercise, the muscle may perform shortening (concentric contractions) or be overcome by external resistance and perform lengthening (eccentric contractions). When muscle force results in no movement, the contraction is termed static or isometric. Static exercise (eg, hand grip) imposes a relatively greater pressure-load than volume-load on the heart; dynamic exercise (eg, running) results primarily in a volume-load. The cardiovascular response is proportional to the intensity of dynamic exercise up to maximal levels of exercise. Dynamic exercise is preferred for most testing because it can elicit maximal or near-maximal cardiovascular and metabolic responses. With isometric exercise, in contrast, the subject is more likely to be limited by acute muscular fatigue before cardiac limitations are approached. Most activities combine varying amounts of both isometric and dynamic exercise. Estimates of the amount of exercise performed are made by using the following definitions.
Work. Force expressed through a distance but with no limitation on time. The units for work are joules or kilopond*meter.
Power. The rate of performing work, ie, the derivative of work with respect to time or the product of force and velocity. The units for power are unit of work per unit of time. One joule per second equals one watt. Kilopond*meter per minute is also used to express power.
Maximal power output. The highest rate of work achieved during exercise testing.
Endurance time. The total test time to exhaustion for an individual performing a continuous graded test. The duration of testing is compared with the endurance time obtained by normal subjects matched for age and gender who were tested by using an identical protocol.
Physical working capacity-i 70 (PWC-1 70). The highest rate of submaximal steady-state work corresponding to a heart rate of 170 beats per minute identified during continuous graded cycle ergometry.
Total work. Accumulated work to exhaustion or to a predetermined end point during exercise testing.
The units of work have traditionally varied with the type of ergometer used during the test. With the use of a cycle ergometer the units of work are expressed as watts or joules, whereas units of kilopond*meter/minute are typically used to express work with treadmill testing.
The expected amount of work performed during a particular test varies with the age, gender, and fitness of the subject and the type of protocol used.
Perceived Exertion
The subjective rating of intensity of perceived exertion by the person exercising is a good indicator of relative fatigue and is used in conjunction with the heart rate. The concept of perceived exertion has been interpreted to quantify effort during exercise.3 A 6-to 20-point Borg scale may be used to assess perceived exertion. 4 Special verbal and written instructions about the rating of perceived exertion are provided to the test subject. Although perceived exertion varies among children at given rates of work, results are reproducible from test to test. The Borg scale may be used in judging the degree of fatigue reached from test to test performed by the same child or to compare the level of fatigue during testing with that experienced during daily activities or training.
Heart Rate
The immediate response of the cardiovascular system to exercise is an increase in heart rate due to a decrease in vagal tone. This response is followed by an increase in sympathetic outflow to the heart and systemic blood vessels. During dynamic exercise, the heart rate increases linearly with the rate of work. During low to moderate levels of exercise at a constant work rate, the heart rate reaches a steady state within 1 minute and increases proportional to the rate of work in subjects with a normal sinus node. Variables that affect heart rate during exercise include the type of exercise, body position during testing, gender, state of health and fitness of the subject, and environmental conditions (such as heat, cold, humidity, or altitude).
Young children compensate for a smaller heart and lower stroke volume by an increased heart rate at a given rate of work; thus, they attain higher maximal heart rates than adults. After puberty, maximal heart rate decreases with age at a rate of 0.7 or 0.8 beats per minute per year of age. Females have a higher heart rate than males at any given rate of work after puberty. Obese children have higher submaximal heart rates than lean children at the same rate of work. Exercise in a hot or humid climate results in higher heart rates for a given rate of work than exercise in a neutral thermal A decrease in resting heart rate is characteristic of conditioning. Peak rate that can be achieved by the sinus node is largely independent of the state of conditioning. Increased mechanical efficiency with retesting may provide an increased intensity of exercise that raises the observed peak heart rate at maximal voluntary effort. The peak heart rate observed may decrease on subsequent tests with endurance training in those with initial high maximal heart rates. Heart rate alone is an inadequate determinant of fitness. Additional physiological determinants to assess the level of conditioning may include peak oxygen consumption, the anaerobic threshold, endurance time, and total work.
Motivational factors, subject cooperation, mechanical efficiency, and the type of protocol are also important determinants of heart rate with exercise testing. Treadmill exercise results in a slightly higher maximal heart rate than does cycle ergometry. Table 1 gives examples of peak heart rates in children of various ages using either treadmill or cycle.
Electrocardiographic Changes
Electrocardiographic changes during ventricular repolarization have been used to identify mismatch of myocardial oxygen demand and supply.
Investigators differ in their analyses and interpretation of ST segment changes on exercise electrocardiography.20 Fig 1 illustrates two methods of measuring the depression of the ST segment and the J point. In the upper panel, the baseline (P-R isoelectric line) is superimposed on the P-R segment of the QRS-T complex for identifying the J-point depression. In the lower panel, the baseline is drawn connecting several P-Q points of at least three consecutive QRS-T segments for identifying the J-point and ST depression. The criteria for significant ST-segment J-point depression include a J-point depression 22 mm and an ST depression > 1 mm with a flat or downsloping ST segment at 60 milliseconds.
Normal physiological J-point depression was found in 9% of boys and 18% of girls with the PQ-PQ isoelectric line method and 2.3% of boys or girls in the same study by using the PR isoelectric line method. 21 The ST segment in normal subjects with "physiological" ST depression rapidly returns to baseline (within 80 milliseconds) and is not flat or downsloping (Fig 2) .
Interpretations of abnormal repolarization are impossible if depolarization is also abnormal. Bundle branch block, which is often present in children who have heart disease, renders the ST segments uninterpretable with exercise testing. This is also true with a ventricular pacemaker or with Wolff-Parkinson-White syndrome. Table 2 .
Children typically have a markedly lower stroke volume because of smaller body size, but information is limited. The magnitude of increase of peak systolic and diastolic blood pressure values during exercise increases with age and body size. Because males have a higher maximal stroke volume than females, they routinely have a higher systolic blood pressure response.
Oxygen Consumption
Oxygen uptake (Vo2) increases rapidly when dynamic exercise begins. After the second minute at each level of intensity of exercise, oxygen uptake usually reaches a plateau. In a steady state at a given workload, heart rate, cardiac output, blood pressure, and pulmonary ventilation are maintained at reasonably constant levels. 25 The maximum oxygen uptake (Vo2max) is the highest amount of oxygen that a given individual can consume while performing dynamic exercise; in contrast, peak oxygen consumption is the maximal amount of oxygen uptake observed during a specific exercise study. Peak oxygen consumption may or may not equal maximum oxygen uptake.
In adults, Vo2 reaches a plateau at Vo2max and no further increase is observed with further increases in the rate of work. This plateau is infrequently found when testing children, and Vo2max cannot be precisely determined in many pediatric studies; thus, the peak observed oxygen uptake is used instead.
Children increase their oxygen consumption approximately 10-fold during exercise; adults typically obtain a 10-to 15-fold increase. A trained athlete may achieve as much as a 20-fold increase in oxygen consumption. Oxygen consumption is strongly related to fat-free body mass, and when Vo2 is indexed by body weight, the difference in oxygen consumption between genders becomes minimal. The ventilatory anaerobic threshold (VAT) is a laboratory measurement that approximates an identification of the point at which the subject's oxygen supply begins to be outstripped by demand during an exercise test.27 In normal individuals, a maximal aerobic exercise effort is reached when the cardiovascular system has attained its maximal capacity to deliver blood to exercising muscles, and cardiac output can increase no further. Increasing peripheral oxygen extraction occurs and raises the difference between systemic arterial and venous oxygen content. As the limit of tissue oxygen delivery is reached, additional energy is provided anaerobically by glycolysis, which results in a rise in muscle and plasma lactic acid.
The anaerobic threshold is a theoretical point that occurs during dynamic exercise when the muscle uses anaerobic metabolism as an additional source of energy. A rise in tissue lactate level slightly precedes the rise in blood lactate level. All tissues do not shift simultaneously to anaerobic metabolism, so that this "point" in time is actually a brief interval during the test in which exercising tissues change from predominantly aerobic metabolism to anaerobic metabolism.
Lactate concentration in the blood results from a dynamic relation between lactate production and lactate clearance. If blood samples are obtained throughout exercise testing and lactate concentration is measured, at an observable point the blood lactate level The VAT has been proposed as a more sensitive marker of fitness than oxygen consumption, heart rate, or total work in pediatric training.27 (See Table 5 .) The heart rate at VAT has been used to determine the target heart rate for rehabilitation training.
In summary, the true anaerobic threshold at the muscle cell level, the onset of the blood lactate accumulation, and the VAT are separate but related events that occur during exercise and should not be equated with one another. Age and Lactate Level Tolerance Peak attainable lactate levels with exercise are higher for adults than for children. One explanation for this in the past has been the suggestion that the ability to tolerate increased serum lactate levels and to persist with exercise in the anaerobic state depends on the degree of the subject's sexual maturity. This difference was attributed to developmental limitations of the activity of key enzymes, such as phosphofructokinase, that are involved in anaerobic metabolism. However, a major subjective factor confounding the interpretation of blood lactate developmental data seems to be how willing the exercising subject is to tolerate the uncomfortable symptoms associated with fatigue. Metabolic changes associated with anaerobic metabolism, although not the blood lactate itself, will contribute to the sensation of fatigue. Subjects tolerate the discomfort associated with fatigue to different degrees. Trained adults achieve higher peak exercise lactate levels than those who are untrained, and elite adult athletes often have considerably higher peak exercise lactate levels than the typical trained adult. An alternative explanation is that adults at peak exertion can usually be coerced to tolerate higher levels of fatigue symptoms than a young child, and that symptoms of fatigue are more easily tolerated by athletes after training than by those unaccustomed to the sensation of fatigue.
Inferences regarding the developmental aspects of metabolic responses to intense exercise are, for the most part, based on cross-sectional rather than longitudinal studies.
Testing Procedures Ergometers
Exercise laboratories find varying applications for different types of ergometers. Three types of ergometers commonly used are cycles, treadmills, and arm ergometers. Both the cycle ergometer and the treadmill produce adequate, reliable, and reproducible maximal loads on the oxygen transport system for collection of diagnostic and functional information. Arm ergometers can be used by subjects for whom lower extremity exercise is difficult or impossible; from a cardiopulmonary standpoint, the intensity of stress is lower than with leg exercise. Since each ergometer has different characteristics, the selection depends on the needs of the user. There are four general considerations for choosing a particular ergometer: (1) the size of the subject; (2) 
Electrocardiogram
The heart rate can be measured manually by averaging several R-R intervals. Alternatively, the electrocardiographic signal can be processed through a tachometer, and a direct recording of the heart rate based on each R-R interval can be obtained. Many commercially available electrocardiographic units are equipped with such a tachometer.
Appropriate application of the electrocardiographic electrodes and shielding of the cables is critical for obtaining artifact-free electrocardiographic recordings. Movement artifacts occur when the electrode-electrolyte interface is mechanically disturbed, resulting in a voltage change. Electrodes for exercise testing avoid metal-to-skin contact by "floating" the electrode on an electrolyte-gel mixture to minimize artifact from muscle movement. A large contracting muscle mass between two electrodes will result in an artifact that cannot be filtered. It is occasionally necessary to move electrodes to avoid large muscle groups even though the leads are placed on the torso. Although this may require some repositioning of electrodes for optimal recordings when testing a heavily-muscled adolescent, it is usually not a major problem with testing smaller children. Silversilver chloride electrodes have very low impedance for optimal recording of low frequency electrical phenomena and perform better than the less expensive metals that have been used to fabricate electrodes. Electrodes that are too small will have an excessively high impedance; the large adult electrodes will not provide good contact on a small child and will not stay on well. The quality of electrode adhesion, which is essential for quality recordings in children, varies among the brands available.
Skin preparation is the single most important factor in obtaining precise exercise electrocardiographic tracings from children. The epidermis possesses a layer of dead skin cells (stratum corneum) with a very high electrical resistance. The dermis itself has very low electrical resistance. Skin preparation should be done as gently as possible to avoid frightening the child. Cleaning with alcohol or acetone should be followed by gentle abrasion and removal of the stratum corneum before electrode placement. This can be done by brisk rubbing with rough cloth, fine sandpaper, emery board, skin cleaning gel containing a mild abrasive, dental drill, or commercially available electrode placement guns. Obtaining well-defined and reliable electrocardiographic recordings in exercising children is impossible without meticulous attention to skin preparation technique.
The right and left arm electrodes are placed in the right and left infraclavicular fossae. The left leg electrode is placed on the lower abdomen above the left anterior superior iliac crest. The right leg lead may or may not be used on the lower abdomen. Some laboratories place the lower limb leads higher on the torso; this higher placement is of particular value in the testing of obese children. Precordial leads Vi through V6 are placed in the same location as for a routine resting electrocardiogram. The individual electrodes and the electrocardiographic cable should be secured to the subject's body to minimize artifact from movement of the cables during exercise. This may be accomplished by using a commercially available knit shirt that is custom-fit for the patient or by using tape.
At Good surface contact of the sensor electrode is vital for accurate measurements when using oximetry during exercise testing. If finger oximetry is used, the subject must be instructed not to make a "tight fist," as this will render the measurements inaccurate. Blood Pressure Measurement Blood pressure can be measured indirectly by using a cuff, a sphygmomanometer, and a stethoscope to detect the Korotkoff sounds. During exercise the Korotkoff sounds often are difficult to hear. For this reason, the onset of the fifth Korotkoff phase is used to indicate diastolic blood pressure for children during exercise testing. At peak effort, however, the onset of the fifth Korotkoff phase may not be heard in some children, with sounds still audible at 0 mm Hg, which makes accurate measurement of diastolic pressure impossible. Numerous commercial electronic units have been available for measuring blood pressure during exercise testing. 24 Although the accuracy of some of these devices has been documented, many of those available are inadequate for accurate blood pressure determination.
Several different cuff sizes should be available. The bladder of the cuff should completely encircle the arm and the width of the bladder should be at least two thirds the length of the upper arm. The most common source of error in measuring blood pressure of children is the use of a cuff that is too small.
In most normal subjects systolic blood pressure declines rapidly after maximal exercise, usually reaching resting levels within 6 minutes or less. In some individuals blood pressure remains lower than pre-exercise levels for several hours. Some exercise physiologists have their subjects continue to perform low-level exercise for several minutes in the postexercise period to minimize venous pooling and resultant symptomatic hypotension. Others measure the postexercise physiological data with their patients in the supine position to minimize orthostatic symptoms caused by low venous return from blood pooling in dilated vascular beds.
Respiratory Gas Measurement
Ventilation and pulmonary gas exchange may be measured during exercise by collecting the expired gas and determining the volume and fractional concentrations of oxygen and carbon dioxide in the inspired and expired gas phases. This method yields minute ventilation, oxygen uptake, and carbon dioxide production. The respiratory gas exchange ratio (VCoJVo2) (7) to establish baseline data and follow up effectiveness of cardiac rehabilitation.
A properly supervised and monitored exercise test in children can be conducted with very low risk.4,36,37 The precautions listed below will help to assure the safety of the tests.
Physical Environment
An exercise laboratory is ideally at least 500 square feet (46.4 m2) and must have adequate ventilation. An ambient temperature of 22°C through 24°C with approximately 50% humidity provides a satisfactory environment for testing. The number of people in the room, the heat generated by the equipment, and the size of the room are important considerations for optimal temperature control in the exercise laboratory. The noise level must be kept to a minimum. Smoking should be prohibited in the vicinity of the laboratory. There should be a wide exit door from the laboratory to expedite patient transport if needed.
Laboratory Staffing
At least one physician must assume the responsibility of directing the laboratory. This physician should have training both in exercise testing in general and performing exercise tests in young patients with disorders of varying severity. The director assures (1) that laboratory personnel are adequately trained in the mechanics of testing and in emergency procedures; (2) that equipment works properly; (3) that acceptable testing procedures are used; and (4) that reliable results are conveyed to the referring physician, the patient, and the family. The laboratory's personnel should respect the right of the subject, parent, or guardian to be informed about the test and the associated risks. A meaningful written consent for the procedure is obtained by most laboratories. The subject should always be allowed to terminate the test upon request.
Patient Population
Each patient should be given a general explanation of the laboratory equipment and the test procedure. The patient should be instructed to avoid food intake for at least 2 hours before the study and to wear comfortable clothing and shoes, preferably flexible sports shoes. A history that includes a review of medications, a physical examination, and a resting supine 12-lead electrocardiogram provide information that will identify individuals for whom the test is either contraindicated or should be performed only with special considerations. A cardiologist may be consulted before testing if the patient's symptoms suggest a cardiovascular disorder. Relative Contraindications and
Special Considerations
Previous publications concerning pediatric exercise testing have included contraindications, relative contraindications, and special considerations that were extrapolated from standards and guidelines for adult exercise testing.24 As with any stress-inducing procedure, the need for the information to be obtained by exercise testing must be carefully weighed against its risks. However, even for children whose diagnoses place them in a high-risk group there may be compelling reasons to perform exercise testing. For example, young patients, even those for whom limitations have been recommended on competitive activity, may be more physically active when unsupervised than their cardiologist or parents are aware. A carefully observed laboratory exercise test performed under controlled circumstances can be safer than the unsupervised activity of high physical intensity on the playground. Although serious cardiac decompensation with exercise testing can occur in adults, it is extremely rare in children.
Appropriate monitoring, equipment for the management of complications of testing, training of laboratory personnel in pediatric basic and advanced life support, staff experience in test performance and interpretation, and the availability of medical staff backup are all required for the safe diagnostic testing of children referred to a hospital laboratory. A physician's presence during all pediatric exercise tests, however, is not routine. For these guidelines, we have provided examples of situations in which the physician's availability but not actual presence is required. Such situations may include (1) the assessment of physical working capacity in healthy children for research purposes (2) evaluation of chest pain that is not thought to be anginal in origin (3) follow-up of postoperative patients assessed to have good hemodynamics after repair with testing to evaluate physical working capacity, to screen for arrhythmias, or as a baseline for cardiac rehabilitation programs (4) evaluation of premature atrial or ventricular contractions in an otherwise healthy child (only if the QT interval is normal) (5) routine follow-up of children with known arrhythmias or with permanently implanted artificial pacemakers (6) use normal data generated in one's own laboratory rather than to rely solely on published normative data. 28 
Godfrey Protocol
This continuous protocol consists of a specific exercise program for each of three height groups. Work loads are increased at intervals of 1 minute until a level of exhaustion is reached. The maximal power output or highest rate of work achieved is measured and compared with normal values for size and gender. Godfrey has published normative pediatric data obtained by using this protocol. 22 
Strong Protocol
Exercise programs are designed for each of four groups according to body weight. The work load within each program is estimated to produce a heart rate at or near the expected value after successful completion of levels 1 through 3. Subsequent work loads are increased at increments of 75 to 300 kg-M/min at 1-minute intervals according to the size and current performance of the subject. The goal of this protocol is to determine physical working capacity at a heart rate of 170 beats per minute and to determine the highest rate of work producing exhaustion or predetermined end points.
Normative data have been provided by Alpert et al. '7,25 Summary Exercise testing of children differs from adult exercise testing in many ways beyond the technical issues related to test performance that are addressed in this report. Disease processes that produce myocardial ischemia are relatively rare in children compared with adults. Exercise testing may be useful in these cases, but the use of testing to assess functional capacity or cardiac rhythms will be encountered more often. Although the precise role of exercise testing in patient evaluation or longterm management of the cardiac patient will vary somewhat from center to center, exercise testing is often essential to diagnose and to direct treatment in a wide variety of clinical problems. An such severity that the test should be stopped. The electrocardiogram will be continuously monitored and blood pressure will be taken intermittently during exercise and for a prescribed time following exercise. Occasionally other indicated measurements will be performed. A physician will be present or in the immediate area. I understand that the potential risks of testing include changes in the rhythm of the heart and the possibility of excessive changes in blood pressure. Thus, there is a remote chance of fainting and an unlikely chance of a heart attack. I understand that professional supervision by an Exercise Physiologist or physician will protect my child against injury, by providing appropriate precautionary measures. In the event that the precautionary measures are insufficient, hospital treatment will be available for my child.
I understand that the benefits of testing include quantitative assessment of working capacity and critical appraisal of the disorders or diseases that impair capacity, and that this knowledge facilitates better treatment and more accurate prognosis for further cardiac events.
I have been assured that I have the right to withdraw my child from the test at any time, that confidential information about the test result will not be given to non-medical persons without my consent, and that the welfare of my child will be protected.
The procedures and risks of the graded exercise test have been explained to me and I have read this form and have had an opportunity to ask any questions pertaining to the test. I understand the test procedures that will be performed and give my consent voluntarily.
Date:
Parent or Guardian Witness
